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Cu(I)-catalyzed 1,3-dipolar cycloaddition of azides
with terminal and 1-iodoalkynes. Highly eﬃcient
transformations and catalyst recycling
Cristian Vidal and Joaquín García-Álvarez*
The catalytic system CuI–glycerol displays a high activity
in the CuAAC reaction of azides and terminal or
1-iodoalkynes, at room temperature, under air and in the
absence of a base. It is important to note that the desired
triazoles were isolated by simple ﬁltration in the absence of
organic solvents at any stage of the synthesis. Moreover,
the catalyst could be recycled up to six consecutive times
in glycerol with only partial deactivationQ3 .
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Glycerol: a biorenewable solvent for base-free
Cu(I)-catalyzed 1,3-dipolar cycloaddition of azides
with terminal and 1-iodoalkynes. Highly eﬃcient
transformations and catalyst recyclingQ1
Cristian Vidal and Joaquín García-ÁlvarezQ2 *
The combination of CuI and glycerol exhibits a versatile and high catalytic activity in the Huisgen cyclo-
addition of azides and terminal or 1-iodoalkynes under standard bench experimental techniquesQ4 (room
temperature, under air and in the absence of a base) providing a pivotal contribution to Green Chemistry.
Since the catalytic reaction: (i) is amenable at low catalyst loading and accessible on a high scale; (ii) toler-
ates a variety of functionalities (including the presence of a free thio moiety in the substrate); (iii) can be
eﬀectively recycled (up to 6 consecutive runs); and (iv) is isolated in a straightforward manner (by simple
ﬁltration in the absence of organic solvents at any stage of the synthesis), the practical application of this
methodology provides a complementary synthetic tool to the familiar CuAAC reactions.
Introduction
Due to both environmental and economic issues, Chemistry is
driven to reduce waste and re-use materials in order to meet
the standards of the 12 Principles of Green Chemistry.1 In this
sense, one of the largest areas of consumption of petroleum-
based chemicals in a conventional chemical transformation is
the solvent used as a reaction medium (i.e., solvents account
for 80–90% of mass utilization in a typical pharmaceutical/fine
chemical operational process).2 Therefore, there has been a
global demand to replace conventional hazardous organic sol-
vents (VOCs) by safe, green and biorenewable reaction media
that are not based on crude petroleum,3 like water and super-
critical carbon dioxide.4,5 In this sense, water can be con-
sidered as an attractive solvent, because it is non-toxic, cheap
and easily available,6 although limitations arise when: (i)
extraction with organic solvents becomes necessary, (ii) the
water has to be removed (which is energy consuming), and (iii)
waste-water is produced. Supercritical fluids (like scCO2) are
beneficial solvents as they are non-toxic, relatively inert, easily
removable and recyclable. However, widespread application in
research and process chemistry is hampered because: (i) they
are poor solvents for many compounds, and (ii) require high-
energetic and high-pressure reactors.7
With the ultimate goal of solving these environmental pro-
blems, the development of a new generation of greener reac-
tion media is strongly needed. In this regard, biomass-derived
solvents are emerging as very promising alternatives (i.e.
2-methyl-THF, lactic acid, γ-valerolactone and glycerol).8
Among them, glycerol is drawing increasing interest as a proto-
typical example of a green solvent due to: (i) its unique combi-
nation of physicochemical properties (such as high polarity,
low toxicity and flammability, high boiling point) and its
ability to dissolve both organic and inorganic compounds,9 (ii)
the fast development of the biodiesel industry and new pro-
cesses for the conversion of cellulose and lignocelluloses into
value-added chemicals (in both, glycerol is generated as a by-
product),10 (iii) its capability, in some cases, of enhancing the
eﬀectiveness and selectivity,11,12 and (iv) the previously
reported easy product separation and catalyst recycling.13,14
Together with the choice of a safe, non-toxic, biorenewable
and cheap solvent (like e.g. glycerol), some of the crucial
points in realizing a Catalytic Green Chemical process involve
(i) the design of a chemical process with energy eﬃciency (if
possible, synthetic methods should be conducted at ambient
temperature), and (ii) atom economy should be maximized.15
It is also desirable that the catalytic reactions proceed in high
yields, as selective and specific processes, under aerobic con-
ditions, in the absence of a co-catalyst and the isolation of the
resulting products should be straightforward.1 In this sense,
the copper-catalyzed cycloaddition of azides and terminal
alkynes (CuAAC, reported independently in 2002 by Medal16 Q5
and Sharpless,17 see Scheme 1) in green and biorenewable sol-
vents fulfils the aforementioned principles of Green Chemistry,
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providing an eﬃcient entry to 1,4-triazoles,18 under mild and
neutral conditions, being the most genuine example of Click
Chemistry.19–21 Surprisingly, and despite the previously
reported enhanced reactivity and/or selectivity of metal-
catalyzed organic reactions performed in pure glycerol,22 the
CuAAC reaction has not been performed in this biorenewable
solvent as far as we are aware.23–25 With these precedents in
mind and following our interest in studying the CuAAC reac-
tion in green solvents,26 herein we report the catalytic activity
of the simple copper salt CuI (a cheap and standard bench
reagent usually present in almost all laboratories where syn-
thetic chemistry is carried out) in the 1,3-dipolar cycloaddition
of both terminal and 1-iodoalkynes with azides, using glycerol
as a green and biorenewable solvent. The following features of
this catalytic system are remarkable: (i) this is the first example
of a CuAAC reaction performed in pure glycerol as a solvent,
(ii) the reactions proceed at room temperature, under aerobic
conditions, in short reaction times and without the assistance
of a base as a co-catalyst, (iii) it is active in the cycloaddition
of 1-iodoalkynes with azides to give exclusively 5-iodo-1,2,3-
triazoles, (iv) the use of glycerol as a reaction medium allows
the catalyst recycling (up to 6 consecutive runs), and (v) the
straightforward isolation of triazoles (by simple filtration in
the absence of organic solvents at any stage of the synthesis).
Results and discussion
To start this work, we have investigated the catalytic activity of
diﬀerent simple copper salts (CuI (1a), CuBr (1b) and CuCN
(1c)) in the 1,3-dipolar cycloaddition of terminal alkynes with
organic azides using, as a model reaction, the cycloaddition of
benzyl azide (PhCH2N3) and phenylacetylene (PhCuCH) in
neat glycerol. The course of the reaction was monitored by 1H
NMR and the results obtained are summarized in Table 1.
Firstly, we checked the CuAAC reaction at room temperature,
under aerobic conditions and with a catalyst loading of 1 mol%
(entries 1–3, Table 1). To our satisfaction, the three copper
salts tested (1a–c) were found to be active and selective cata-
lysts at room temperature, using only a 1 mol% metal loading
and aﬀording the corresponding 1,4-triazole 2a as the unique
reaction product. It is important to note that in no case, the
addition of a base to the catalytic system was required, in con-
trast to most of the known copper catalysts active in this cyclo-
addition process.21 At this point, we should mention that a
similar rate enhancement, using pure glycerol as a solvent,
was previously observed in a base-free protocol for the micro-
wave-assisted “click” synthesis of tetrazoles.27,28
We observed that CuI (1a, entry 1, Table 1) displays a higher
catalytic activity than CuBr (1b) and CuCN (1c) (entries 2 and
3, Table 1), leading to quantitative transformation in only
90 minutes. An added advantage of this approach is that the
addition of water to the crude reaction mixture allows easy pre-
cipitation of the desired triazole without the use of convention-
al hazardous volatile organic solvents (VOCs) at any stage of
the synthesis. The presence of catalytic amounts of copper
salts was found to be essential for the reaction outcome. Note
that in the absence of the metal catalyst the reaction did not
generate any product (see entry 4, Table 1). For comparison,
we have studied the catalytic activity of CuI in diﬀerent alter-
native environmentally friendly solvents (entries 5–8, Table 1)
and conventional volatile organic solvents (entry 9, Table 1),
finding that the eﬃciency of the reaction was remarkably
lowered when: (i) diﬀerent glycerol (Gly) and choline chloride
(ChCl) eutectic mixtures (deep eutectic solvents, DESs, 1ChCl/
2Gly, entry 5, Table 1; 1ChCl/1Gly, entry 6, Table 1),29,30 (ii)
ionic liquids (i.e. [BMIM][BF4], BMIM = 1-butyl-3-methylimid-
azolium, entry 7, Table 1), or (iii) hazardous and volatile
organic solvents (CH2Cl2, entry 9, Table 1)
31 were used as sol-
vents. Also, it is important to note that CuI displays a lower
catalytic activity in pure water as a solvent (entry 8, Table 1).
Finally, we found that: (i) the use of lower catalytic loadings
slowed down the reaction (as an example, by using 0.5 mol%
of CuI in glycerol at room temperature, quantitative conversion
(99%) was only achieved after 3 hours, entry 10), and (ii) the
reaction is accessible on a high scale (10 mmol PhCuCH and
PhCH2N3, 1 mol% CuI, 10 g glycerol) requiring only 1.5 hours
to achieve quantitative conversion.
Scheme 1 Copper-catalyzed 1,3-dipolar cycloaddition reaction
(CuAAC).
Table 1 Study of the 1,3-dipolar cycloaddition of benzyl azide and
phenylacetylene catalyzed by the copper(I) salts 1a–c in diﬀerent non-
conventional solventsa
Entry Catalyst Mol% [Cu] Solvent Time [h] Yieldb,c
1 1a 1 Glycerol 1.5 99(94)
2 1b 1 Glycerol 3 99(97)
3 1c 1 Glycerol 20 99(92)
4 — — Glycerol 72 —
5 1a 1 1ChCl/2Gly 14 99(97)
6 1a 1 1ChCl/1Gly 20 91(86)
7 1a 1 [BMIM][BF4] 24 45(39)
8 1a 1 H2O 2 99(97)
9 1a 1 CH2Cl2 24 99(97)
10 1a 0.5 Glycerol 3 99(93)
a Reactions performed under air, at room temperature and using 1 g of
the corresponding solvent. 1 mmol of PhCuCH and PhCH2N3 was
always employed. b Yields determined by 1H NMR. c Isolated yields in
brackets (average of two runs).
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Encouraged by these initial findings, which suggest the
potential that glycerol has as a green and biorenewable solvent
for the CuAAC reaction under standard bench experimental
techniquesQ6 (room temperature, under air and in the absence
of a base), we then assessed the scope of this methodology by
extending our studies to a range of terminal alkynes using the
previously optimized reaction conditions (results are summar-
ized in Table 2). Thus, satisfactory catalytic activities of the
system CuI–glycerol have been found with a variety of func-
tional groups in the alkyne, being compatible with the pres-
ence of aromatic (entries 1 and 7), alkyl (entry 2), ester (entry
3), alkenyl/hydroxyl (entry 4), amido (entry 5), carboxylic acid
(entry 6), ether (entry 7) and halide (entries 7 and 8) substitu-
ents. In all cases, the corresponding 1,4-triazoles 2a–h were
obtained in quantitative yields in 1.5–7 hours.
The observed rate of the reaction was strongly dependent
on the nature of the azide (as we have previously observed in
related CuAAC reactions in water).26 Thus, for both arylic
(PhN3, entries 9–11) and allylic (PhCHvCH–CH2N3 and
p-MeOC6H4CHvCH–CH2N3, entries 12–13) azides, longer
reaction times (13–19 h) are required to achieve quantitative
conversions of the corresponding triazoles. Finally, it is worth
noting that the presence of a free thio moiety in the azide
(PhSCH2N3, entry 14, Table 2) does not deactivate the catalyst,
a fact generally observed in CuAAC reactions with functiona-
lized substrates containing donor atom groups.
The formation of intermediates based on copper(I) alkynyl
species is postulated as the first step in CuAAC reactions.32 In
accordance with this proposed mechanistic insight, internal
alkynes are not able to undergo the required cycloaddition, a
limitation generally observed with conventional copper cata-
lysts.33,34 In order to overcome this limitation, several CuAAC
routes for the synthesis of 5-iodo-1,2,3-triazoles (starting from
1-iodoalkynes) have been devised as alternative synthetic
approaches in both organic solvents and water.26,35,36 5-Iodo-
1,2,3-triazoles, synthesized by application of this click reac-
tion,37 are versatile synthetic intermediates amenable to
further functionalization providing an appealing synthetic
approach to diﬀerent substituted 1,2,3-triazoles.38 Bearing in
mind the eﬃciency of the catalytic system CuI–glycerol in
CuAAC with terminal alkynes and trying to push our methodo-
logy to its limits, we decided to focus our attention on the
cycloaddition reaction of azides and 1-iodoalkynes in glycerol
at room temperature, under air and in the absence of a base.
To our delight, this new process was catalyzed by CuI
(5 mol%), aﬀording chemoselectively (no by-products or pro-
ducts derived from reductive dehalogenation were observed,
i.e. 5-H-1,2,3-triazoles) the corresponding 5-iodo-1,2,3-triazoles
3a–b in excellent yields (entries 15 and 16, Table 2).
Nowadays it is well-known that one of the major advantages
associated with the use of glycerol as a solvent, in metal-cata-
lyzed organic reactions, is the possibility of recycling the cata-
lytic system with the separation of the organic product formed
by a simple extraction with organic solvents.9 In addition, the
lifetime of a catalytic system and its level of reusability are very
important factors for any catalytic system.39 Thus, under the
catalyst loading previously used for terminal alkynes (1 mol%
of CuI), at room temperature, in the absence of a base and
employing as a model reaction the CuAAC reaction between
benzyl azide and phenylacetylene, we have found that the cata-
lytic system CuI–glycerol could be recycled up to 6 consecutive
runs (see Table 3 and the Experimental section for details).
Thus, while only partial loss of activity occurs in the glycerol
during the first three consecutive runs (1.5–2 h, 97–99%), the
Table 2 CuI-catalyzed synthesis of 1,2,3-triazoles 2a–n and 5-iodo-
1,2,3-triazoles 3a–b in glycerola
Entry R X R′ Time [h] Yieldb,c
1 Ph H PhCH2 2a 1.5 99(94)
2 Cyclopentyl H PhCH2 2b 7 99(97)
3 CO2Et H PhCH2 2c 3 99(93)
4 H PhCH2 2d 3.5 99(93)
5 PhC(O)N(H)CH2 H PhCH2 2e 2.5 99(96)
6 HO2C(CH2)2 H PhCH2 2f 6.5 99(89)
7 o-I-C6H4-OCH2 H PhCH2 2g 5 99(93)
8 Br(CH2)2 H PhCH2 2h 7 99(93)
9 Ph H Ph 2i 16 99(91)
10 CO2Et H Ph 2j 18 99(95)
11 PhC(O)N(H)CH2 H Ph 2k 18.5 99(90)
12 Ph H 2l 19 99(95)
13 Ph H 2m 13 99(94)
14 Ph H PhSCH2 2n 6 99(95)
15d Ph I PhCH2 3a 18 99(97)
16d n-Bu I PhCH2 3b 24 99(94)
a Reactions performed under air, at room temperature, using 1 g of
glycerol and with a catalyst loading of 1 mol% in CuI. 1 mmol of the
corresponding alkyne and azide was always employed. b Yields
determined by 1H NMR. c Isolated yields in brackets (average of two
runs). dCatalyst loading of 5 mol%.
Table 3 CuI-catalyzed 1,3-dipolar cycloaddition of benzyl azide and
phenylacetylene in glycerol: catalyst recyclinga
Cycle Time [h] Yieldb TONc Cycle Time [h] Yieldb TONc
1 1.5 99 99 4 3 99 393
2 2 97 196 5 5 97 490
3 2 98 294 6 24 98 588
a Reactions performed under air, at room temperature, using 1 g of
glycerol and with a catalyst loading of 1 mol% in CuI. 1 mmol of
PhCuCH and benzyl azide was always employed. b Yields determined
by 1H NMR. c Cumulative TON values (turnover number = (mol
product/mol Cu)).
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eﬃciency of the catalytic system decreases considerably after
the fourth cycle, 5 hours being required in the fifth cycle to
obtain a quantitative conversion, probably due to both leach-
ing during the workup and decomposition of the catalyst. After
the fifth cycle, quantitative conversion was only achieved after
longer reaction times (24 hours).
Conclusions
In summary, the present work introduces Glycerol as a
superior green and biorenewable reaction medium for the Cu-
catalyzed 1,3-dipolar cycloaddition of azides and alkynes. As
illustrated with both terminal and 1-iodoalkynes, the catalytic
system CuI–glycerol is the combination of choice to obtain
1,2,3-triazoles and 5-iodo-1,2,3-triazoles under standard bench
experimental techniquesQ7 (room temperature, under air and in
the absence of a base), providing a pivotal contribution to
both Green Chemistry and CuAAC.
Clearly, and since the reaction: (i) is amenable at low cata-
lyst loading and accessible on a high scale; (ii) takes place
under air and in the absence of a base; (iii) tolerates a variety
of functionalities (including the presence of a free thio moiety
in the substrate); (iii) can be eﬀectively recycled (up to 6 con-
secutive runs); and (iv) is isolated in a straightforward manner
(simple filtration in the absence of organic solvents at any
stage of the synthesis), the practical application of this




Syntheses were performed under air and at room temperature.
All reagents were obtained from commercial suppliers and
used without further purification with the exception of: (i)
deep eutectic solvents (DESs, 1ChCl/2Gly and 1ChCl/1Gly),40
and (ii) 1-iodoalkynes,41 which were prepared by following the
method reported in the literature. NMR spectra were recorded
on Bruker DPX-300 or AV-400 instruments.
General procedure for the synthesis of 1,2,3-triazoles 2a–n:
synthesis of 1-benzyl-4-phenyl-1H-1,2,3-triazole (2a). CuI (1a)
(0.0019 g, 1 mol%) was added to 1 g of glycerol under air.
Phenylacetylene (0.112 mL, 1 mmol) and benzyl azide
(0.132 mL, 1 mmol) were added to the reaction mixture at
room temperature. The course of the reaction was monitored
by regular sampling and analysis of the aliquots of the mixture
by 1H NMR. The mixture was stirred at room temperature for
1.5 hours. Addition of water (5 mL) to the crude reaction
mixture allows the easy separation (filtration) of the desired
triazole 2a as a white powder (0.220 g, 94%).
General procedure for the synthesis of 5-iodo-1,2,3-triazoles
3a–b: synthesis of 5-iodo-4-phenyl-1-(phenylmethyl)-1H-1,2,3-
triazole (3a). CuI (1a) (0.0095 g, 5 mol%) was added to 1 g of
glycerol under air. 1-Iodo-phenylacetylene (0.228 g, 1 mmol)
and benzyl azide (0.132 mL, 1 mmol) were added to the reac-
tion mixture at room temperature. The course of the reaction
was monitored by regular sampling and analysis of the ali-
quots of the mixture by 1H NMR. The mixture was stirred at
room temperature for 18 hours. Addition of water (5 mL)
to the crude reaction mixture allows the easy separation
(filtration) of the desired 5-iodo-triazole 3a as a white powder
(0.349 g, 97%).
General procedure for the catalyst recycling. The recyclabil-
ity of our catalytic system was investigated using the CuAAC
reaction of phenylacetylene and benzyl azide as a model reac-
tion. Thus, to 1 g of glycerol, CuI (0.0019 g, 1 mol%), phenyl-
acetylene (0.112 mL, 1 mmol) and benzyl azide (0.132 mL,
1 mmol) were added. The resulting mixture was stirred at
room temperature and in the presence of air for 90 min (com-
plete consumption of starting materials was observed by
1H NMR). The mixture of the reaction was extracted with
2-methyl-THF (3 × 6 mL). To the glycerol layer, the substrates
were again added, and the mixture was stirred under the same
conditions for the required time. This procedure was repeated
up to six consecutive times.
Acknowledgements
We are indebted to the Ministerio de Ciencia e Innovación
(MICINN) of Spain (projects CTQ2010-14796 and RYC-2011-
08451). J. G.-A. thanks the MICINN and the European Social
Fund for the award of a “Ramón y Cajal” contract.
Notes and references
1 (a) P. T. Anastas and J. C. Warner, in Green Chemistry
Theory and Practice, Oxford University Press, Oxford, 1998;
(b) A. S. Matlack, in Introduction to Green Chemistry, Marcel
Dekker, New York, 2001; (c) M. Poliakoﬀ, J. M. Fitzpatrick,
T. R. Farren and P. T. Anastas, Science, 2002, 297, 807;
(d) M. Lancaster, in Green Chemistry: An Introductory Text,
RSC Publishing, Cambridge, 2002; (e) R. A. Sheldon,
I. W. C. E. Arends and U. Henefeld, in Green Chemistry and
Catalysis, Wiley-VCH, Weinheim, 2007.
2 D. J. C. Constable, C. Jiménez-González and
R. K. Henderson, Org. Process Res. Dev., 2007, 11, 133.
3 (a) J. H. Clark and S. J. Tavener, Org. Process Res. Dev., 2007,
11, 149; (b) P. G. Jessop, Green Chem., 2011, 13, 1391.
A recent editorial in Organic Process Research and Develop-
ment discourages chemists from using solvents that are
either known to be toxic, dangerous for large scale
preparations or expensive to dispose as waste. T. Laird, Org.
Process Res. Dev., 2012, 16, 1.
4 P. T. Anastas, in Handbook of Green Chemistry, Vol. 4, 5 and
6, Green Solvents: Volume 4: Supercritical Solvents
(ed. W. Leitner and P. G. Jessop); Volume 5: Reactions
in Water (ed. C.-J. Li); Volume 6: Ionic Liquids
Paper Green Chemistry

























(ed. P. Wasserschied and A. Stark), Wiley-VCH, Weinheim,
Germany, 2010.
5 L. Moity, M. Durand, A. Benazzouz, C. Pierlot, V. Molinier
and J.-M. Aubry, Green Chem., 2012, 14, 1132.
6 (a) Aqueous-Phase Organometallic Catalysis: Concepts and
Applications, ed. B. Cornils and W. A. Herrmann, Wiley-
VCH, Weinheim, 1998; (b) F. Joó, in Aqueous Organometallic
Catalysis, Kluwer, Dordrecht, 2001; (c) C.-J. Li and
T. H. Chan, in Comprehensive Organic Reactions in Aqueous
Media, John Wiley & Sons, Hoboken, 2007; (d) Organic Reac-
tions in Water: Principles, Strategies and Applications, ed.
U. M. Lindstrom, Blackwell Publishing Ltd, Oxford, 2007;
(e) Water in Organic Synthesis, ed. S. Kobayashi, Thieme-
Verlag, Stuttgart, 2012; (f ) Metal-Catalyzed Reactions
in Water, ed. P. H. Dixneuf and V. Cadierno, Wiley-VCH,
Weinheim, 2013.
7 (a) W. Leitner, Acc. Chem. Res., 2002, 35, 746; (b) P. Lozano,
E. García-Verdugo, S. V. Santiago, M. Pucheault and
M. Vaultier, Curr. Org. Synth., 2011, 8, 810; (c) X. Han and
M. Poliakoﬀ, Chem. Soc. Rev., 2012, 41, 1428.
8 (a) I. T. Horváth, Green Chem., 2008, 10, 1024; (b) V. Pace,
P. Hoyos, L. Castoldi, P. Domínguez de María and
A. R. Alcántara, ChemSusChem, 2012, 5, 1369; (c) J. Yang,
J.-N. Tan and Y. Gu, Green Chem., 2012, 14, 3304;
(d) D. M. Alonso, S. G. Wettstein and J. A. Dumesic, Green
Chem., 2013, 15, 584.
9 (a) Y. Gu and F. Jérôme, Green Chem., 2010, 12, 1127;
(b) A. E. Díaz-Álvarez, J. Francos, B. Lastra-Barreira,
P. Crochet and V. Cadierno, Chem. Commun., 2011, 47,
6208; (c) A. Wolfson, C. Dlugy and D. Tavor, Trends Org.
Chem., 2011, 15, 41; (d) A. Wolfson, C. Dlugy and D. Tavor,
in Homogeneous Catalysts: Types, Reactions and Applications,
ed. A. C. Poehler, Nova Science Publishers, New York, 2011,
pp. 185–203; (e) A. Wolfson, D. Tavor and G. Cravotto, in
Glycerol: Production, Structure and Applications, ed. M. D. S.
Silva and P. C. Ferreira, Nova Science Publishers, New York,
2012, pp. 233–248; (f ) V. Calvino-Casilda, in Green Solvents
I: Properties and Applications in Chemistry, ed. I. Ali
Mohammad, Springer, Dordrecht, 2012, pp. 187–207;
(g) A. E. Díaz-Álvarez and V. Cadierno, Appl. Sci., 2013, 3,
55; (h) Y. Gu and F. Jérôme, Chem. Soc. Rev., 2013, 42,
9550.
10 Production of biodiesel involves the catalytic transesterifi-
cation of triglycerides (derived from vegetable oils or
animal fats) with a short-chain aliphatic alcohol (typically
MeOH) under basic conditions. In this transformation gly-
cerol (glycerine or 1,2,3-propanetriol) is formed as the
main by-product. Due to the fast development of the bio-
diesel industry, a large excess of this chemical has been
formed (ca. 100 kg of glycerol per ton of biodiesel
obtained): (a) C.-H. Zhou, J. N. Beltramini, Y.-X. Fan and
G. Q. Lu, Chem. Soc. Rev., 2008, 37, 527; (b) N. Rahmat,
A. Z. Abdullah and A. R. Mohamed, Renew. Sustain. Energy
Rev., 2010, 14, 987.
11 H. R. Safaei, M. Shekouhy, S. Rahmanpur and
A. Shirinfeshan, Green Chem., 2012, 14, 1696.
12 Y. Gu, J. Barrault and F. Jérôme, Adv. Synth. Catal., 2008,
350, 2007.
13 A. Wolfson, A. Snezhko, T. Meyouhas and D. Tavor, Green
Chem. Lett. Rev., 2012, 5, 7.
14 J. Francos and V. Cadierno, Green Chem., 2010, 12, 1552.
15 (a) B. M. Trost, Science, 1991, 254, 1471; (b) B. M. Trost,
M. U. Frederiksen and M. T. Rudd, Angew. Chem., Int. Ed.,
2005, 44, 6630; (c) R. A. Sheldon, Green Chem., 2007, 9,
1273.
16 (a) M. Meldal, C. Christensen and C. W. Tornøe, J. Org.
Chem., 2002, 67, 3057; (b) M. Meldal and C. W. Tornøe,
Chem. Rev., 2008, 108, 2952.
17 K. B. Sharpless, V. V. Fokin, L. G. Green and
V. V. Rostovtset, Angew. Chem., Int. Ed., 2002, 114, 2708.
18 In contrast to the classical 1,3-dipolar cycloadditions
(Huisgen reactions), displaying a strong thermodynamic
driving force, which leads to mixtures of regioisomers
usually obtained under thermal conditions; (a) R. Huisgen,
Proc. Chem. Soc., London, 1961, 357; (b) 1,3-Dipolar Cyclo-
addition Chemistry, ed. R. Huisgen and A. Pawda, Wiley,
New York, 1984, p. 1; (c) R. Huisgen, Pure Appl. Chem.,
1989, 61, 613.
19 The term Click Chemistry was coined by Sharpless et al. in
2001 and describes chemistry tailored to generate sub-
stances quickly and reliably by joining small units together.
Click chemistry is not a single specific reaction, but was
meant to mimic nature, which also generates substances
by joining small modular units. H. C. Kolb, M. G. Finn and
K. B. Sharpless, Angew. Chem., 2001, 113, 2056, (Angew.
Chem., Int. Ed., 2001, 40, 2004).
20 For reactions to be considered “click” they must fulfil a
number of basic requirements: (i) they must demonstrate
no sensitivity towards moisture or oxygen, (ii) they must
aﬀord products in high yields and with stereospecificity,
and (iii) they must proceed in the absence of a solvent (or
the use of a benign one) and led themselves to simple
product isolation.
21 CuAAC has found wide application in pharmaceutical,
combinatorial and material chemistry. For selected
reviews, see: (a) P. Wu and V. V. Fokin, Aldrichimica Acta,
2007, 40, 7; (b) J. E. Moses and A. D. Moorhouse, Chem.
Soc. Rev., 2007, 36, 1249; (c) A. D. Spiteri and J. E. Moses,
ChemMedChem, 2008, 3, 715; (d) J. M. Holub and
K. Kirshenbaum, Chem. Soc. Rev., 2010, 39, 1325;
(e) S. G. Agalave, S. R. Maujan and V. S. Pore, Chem. – Asian
J., 2011, 6, 2696.
22 For an outstanding and recent review covering the use of
glycerol as an environmentally friendly solvent in metal-
catalyzed organic reactions, see: A. E. Díaz-Álvarez,
J. Francos, P. Crochet and V. Cadierno, Curr. Green Chem.,
2014, 1, 51.
23 Polyethylene glycol (PEG) has been used as an environ-
mentally-friendly solvent in the CuAAC reaction:
(a) D. Kumar, V. B. Reddy and R. S. Varma, Tetrahedron
Lett., 2009, 50, 2065; (b) H. S. P. Rao and G. Chakibanda,
Org. Prep. Proc. Int., 2013, 45, 232.
Green Chemistry Paper

























24 For a recent example of CuAAC proceeding in a mixture of
glycerol–water, see: Y. Zhao, M. C. Pirrung and J. Liao, Mol.
BioSyst., 2012, 8, 879.
25 The catalytic system CuI–glycerol has been already used in
several Cu(I)-mediated organic reactions. For example, see:
(a) L. C. Gonçalves, G. F. Fiss, G. Perin, D. Alves,
R. G. Jacob and E. J. Lenardão, Tetrahedron Lett., 2010, 51,
6772; (b) V. G. Ricordi, C. S. Freitas, G. Perin,
E. J. Lenardão, R. G. Jacob, L. Savegnago and D. Alves,
Green Chem., 2012, 14, 1030; (c) L. C. C. Gonçalves,
D. B. Lima, P. M. Y. Borba, G. Perin, D. Alves, R. G. Jacob
and E. J. Lenardão, Tetrahedron Lett., 2013, 54, 3475;
(d) D. K. T. Yadav, S. S. Rajak and B. M. Bhanage, Tetra-
hedron Lett., 2014, 55, 931.
26 (a) J. García-Álvarez, J. Díez and J. Gimeno, Green Chem.,
2010, 12, 2127; (b) J. García-Álvarez, J. Díez, J. Gimeno,
F. J. Suárez and C. Vicent, Eur. J. Inorg. Chem., 2012, 5854;
(c) J. García-Álvarez and J. Gimeno, in “Click” Copper Cata-
lyzed Azide-alkyne Cycloaddition (CuAAC) in Aqueous Medium
in Advances in Organometallic Chemistry and Catalysis: The
Silver/Gold Jubilee International Conference on Organometal-
lic Chemistry Celebratory Book, ed. A. J. L. Pombeiro, Wiley-
VCH, 2014. For recent reviews on well-defined copper(I)
complexes active in CuAAC, see: (d) S. Díez-González, Catal.
Sci. Technol., 2011, 1, 166; (e) S. Díez-González, Curr. Org.
Chem., 2012, 15, 2830.
27 Bhosale and co-workers recently proposed the formation of
intermolecular hydrogen bonds with tetrazolyl intermedi-
ates and glycerol as responsible for the enhancement of
the rate of the “click” reaction in pure glycerol as a solvent.
K. P. Nandre, J. K. Salunke, J. P. Nandre, V. S. Patil,
A. U. Borse and S. V. Bhosale, Chin. Chem. Lett., 2012, 23,
161.
28 Similar base-free CuAAC reactions in water (also a hydrogen
donor solvent like glycerol) have been previously reported.
For a recent review see ref. 26c.
29 Deep eutectic solvents (DESs), also known in the literature
as deep eutectic ionic liquids (DEILs), low melting mixtures
(LMMs) or low transition temperature mixtures (LTTMs),
are defined as combinations of two or three components
which are able to establish hydrogen bond interactions
with each other to form an eutectic mixture, that is, liquid
at the desired temperature. For recent reviews covering the
application of DESs as new, green and biorenewable sol-
vents in diﬀerent fields of chemistry, see: (a) A. P. Abbott,
R. C. Harris, K. Ryder, C. D’Agostino, L. Gladden and
M. D. Mantle, Green Chem., 2011, 13, 82; (b) C. Ruβ and
B. König, Green Chem., 2012, 14, 2969; (c) D. Carriazo,
M. C. Serrano, M. C. Gutiérrez, M. L. Ferrer and F. del
Monte, Chem. Soc. Rev., 2012, 41, 4996; (d) Q. Zhang, K. De
Oliveira Vigier, S. Royer and F. Jérôme, Chem. Soc. Rev.,
2012, 41, 7108; (e) H. Zhao and G. A. Baker, J. Chem.
Technol. Biotechnol., 2013, 88, 3; (f ) M. Francisco, A. Van
den Bruinhorst and M. C. Kroon, Angew. Chem., Int. Ed.,
2013, 52, 3074; (g) B. Tang and K. H. Row, Monatsh. Chem.,
2013, 144, 1427.
30 Very recently, we have demonstrated that these glycerol-
containing eutectic mixtures can be employed as new
environmentally friendly solvents in the ruthenium-cata-
lyzed isomerization of allylic alcohols into saturated carbo-
nyl compounds (C. Vidal, F. J. Súarez and J. García-Álvarez,
Catal. Commun., 2014, 44, 76) and in the addition reaction
of polar organometallic reagents to ketones (C. Vidal,
J. García-Álvarez, A. Hernán-Gómez, A. R. Kennedy and
E. Hevia, Angew. Chem., Int. Ed., 2014, 53, DOI: 10.1002/
anie.201400889 Q8).
31 This CuAAC reaction represents a new example of an
organic reaction that accelerates in glycerol when com-
pared with traditional volatile organic. For other examples,
see ref. 11 and 12.
32 For reviews on CuAAC reactions in organic media including
mechanistic discussions, see: (a) F. Himo, T. Lovell,
R. Hilgraf, V. V. Rostovtsev, L. Noodleman, K. B. Sharpless
and V. V. Fokin, J. Am. Chem. Soc., 2005, 127, 210;
(b) V. D. Bock, H. Hiemstra and H. van Maarseveen,
Eur. J. Org. Chem., 2006, 51; (c) J. E. Hein and V. V. Fokin,
Chem. Soc. Rev., 2010, 39, 1302; (d) B. R. Buckley,
S. E. Dann and H. Heaney, Chem. – Eur. J., 2010, 16, 6278.
33 Nevertheless, it has been reported that several Cu(I) cata-
lysts can mediate the reaction of benzyl azide and
3-hexyne: (a) S. Díez-González, A. Correa, L. Cavallo and
S. P. Nolan, Chem. – Eur. J., 2006, 1, 7558; (b) N. Candelon,
D. Lastérouères, A. K. Diallo, J. Ruiz Aranzanes, D. Astruc
and J.-M. Vincent, Chem. Commun., 2008, 741.
34 Ruthenium- or iridium-mediated regioselective cyclo-
addition reactions of azides and internal alkynes under
mild reaction conditions in organic media have been
already reported: (a) L. Zhang, X. Chen, P. Xue,
H. H. Y. Sun, I. D. Williams, K. B. Sharpless, V. V. Fokin
and G. Jia, J. Am. Chem. Soc., 2005, 127, 15998;
(b) B. C. Boren, S. Narayan, L. K. Rasmussen, L. Zhang,
H. Zhao, Z. Lin, G. Jia and V. V. Fokin, J. Am. Chem. Soc.,
2008, 130, 8923; (c) S. Ding, G. Jia and J. Sun, Angew.
Chem., Int. Ed., 2014, 53, 1877.
35 Sharpless, Fokin, and co-workers have reported that the
readily accessible internal 1-iodoalkynes have revealed an
exceptional reactivity in copper(I)-catalyzed processes with
organic azides, using an equimolar mixture of CuI and the
polyamine ligands tris((1-benzyl-1H-1,2,3-triazolyl)-methyl)-
amine (TBTA) and tris((1-tert-butyl-1H-1,2,3-triazolyl)-
methyl)amine (TTTA). In particular, the system containing
the ligand TTTA is active in aqueous media. (a) J. E. Hein,
J. C. Tripp, L. B. Krasnova, K. B. Sharpless and V. V. Fokin,
Angew. Chem., Int. Ed., 2009, 48, 8018; (b) E. Schwartz,
K. Breitenkamp and V. V. Fokin, Macromolecules, 2011, 44,
4735; (c) B. T. Worrell, J. E. Hein and V. V. Fokin, Angew.
Chem., Int. Ed., 2012, 51, 11791.
36 For other examples of CuAAC reactions with internal
1-halide alkynes, see: (a) B. H. M. Kuijpers,
G. C. T. Dijkmans, S. Groothuys, P. J. L. M. Quaedflieg,
R. H. Blaauw, F. L. van Delft and F. P. J. T. Rutjes, Synlett,
2005, 3059; (b) J. Panteleev, K. Geyer, A. Aguilar-Aguilar,
Paper Green Chemistry

























L. Wang and M. Lautens, Org. Lett., 2010, 12, 5092;
(c) M. Juríček, K. Stout, P. H. J. Kouwer and A. E. Rowan,
Org. Lett., 2011, 13, 3494; (d) A. Bogdan and K. James, Org.
Lett., 2011, 13, 4060; (e) B. R. Buckley, S. E. Dann,
H. Heaney and E. C. Stubbs, Eur. J. Org. Chem., 2011, 770;
(f ) F. Kniep, L. Rout, S. M. Walter, H. K. V. Bensch,
S. H. Jungbauer, E. Herdtweck and S. M. Huber, Chem.
Commun., 2012, 48, 9299; (g) L. C. Gilday, N. G. White and
P. D. Beer, Dalton Trans., 2013, 42, 15766.
37 5-Halide-triazoles can be also accessible through one-pot
cycloaddition/halogenations: (a) Y.-M. Wu, J. Deng, Y. Li
and Q.-Y. Chen, Synthesis, 2005, 1314; (b) L. Li, G. Zhang,
A. Zhu and L. Zhang, J. Org. Chem., 2008, 73, 3630;
(c) N. W. Smith, B. P. Polenz, S. B. Johnson and
S. V. Dzyuba, Tetrahedron Lett., 2010, 51, 550;
(d) W. S. Brotherton, R. J. Clark and L. Zhu, J. Org. Chem.,
2012, 77, 6443; (e) D. Fu, J. Zhang and S. Cao, J. Fluorine
Chem., 2013, 156, 170; (f ) D. N. Barsoum, C. J. Brassard,
J. H. A. Deeb, N. Okashah, K. Sreenath, J. T. Simmons,
J. Tyler and L. Zhu, Synthesis, 2013, 2372; (g) R. Yan,
K. Sander, E. Galante, V. Rajkumar, A. Badar, M. Robson,
E. El-Emir, M. F. Lythgoe, R. B. Pedley and E. Arstad, J. Am.
Chem. Soc., 2013, 135, 703.
38 5-Iodo-1,2,3-triazoles have been subsequently functiona-
lized easily through Pd-catalyzed C–C coupling reactions.
For recent examples, see: (a) J. Deng, Y.-M. Wu and
Q.-Y. Chen, Synthesis, 2005, 2730; (b) J. M. Schulman,
A. A. Friedman, J. Panteleev and M. Lautens, Chem.
Commun., 2012, 48, 55; (c) Y. Carcenac, F. David-Quillot,
M. Abarbri, A. Duchene and J. Thibonnet, Synthesis, 2013,
633.
39 (a) D. Cole-Hamilton and R. Tooze, in Catalyst Separation,
Recovery and Recycling. Chemistry and Process Design,
Springer, Dordrecht, The Netherlands, 2006; (b) Recoverable
and Recyclable Catalyst, ed. M. Benaglia, John Wiley & Sons,
Chichester, UK, 2009.
40 A. P. Abbott, G. Capper, D. L. Davies, R. K. Rasheed and
V. Tambyrajah, Chem. Commun., 2003, 70.
41 (a) 1-Iodo-phenylacetylene was prepared following the pro-
cedure described in ref. 35a; (b) 1-Iodo-hexyne was pre-
pared following the procedure described in: J. Yan, J. Li
and D. Cheng, Synlett, 2007, 2442.
Green Chemistry Paper
This journal is © The Royal Society of Chemistry 2014 Green Chem., 2014, 00, 1–7 | 7
1
5
10
15
20
25
30
35
40
45
50
55
1
5
10
15
20
25
30
35
40
45
50
55
